Some of the crucial physics aspects of burning plasmas magnetically confined in toroidal systems are presented from the viewpoint of nonlinear dynamics. Most of the discussions specifically refer to tokamaks, but they can be readily extended to other toroidal confinement devices. Particular emphasis is devoted to fluctuation induced transport processes of mega electron volts energetic ions and charged fusion products as well as to energy and particle transports of the thermal plasma. Long time scale behaviors due to the interplay of fast ion induced collective effects and plasma turbulence are addressed in the framework of burning plasmas as complex self-organized systems. The crucial roles of mutual positive feedbacks between theory, numerical simulation and experiment are shown to be the necessary premise for reliable extrapolations from present day laboratory to burning plasmas. Examples of the broader applications of fundamental problems to other fields of plasma physics and beyond are also given.
Introduction
Magnetically confined burning plasmas become reactor relevant when the power due to fusion reactions and carried by charged fusion products (α particles in the case of D-T fusion reactions) is sufficient to compensate total power losses and maintain the plasma in density and temperature conditions where fusion reactions are self-sustained. A D-T reactor power production comes from neutrons escaping from the confining magnetic field. The plasma is heated by charged fusion products via Coulomb collisions, which mainly transfer their energy to electrons while slowing down. Plasma density and temperature profiles are eventually determined by the balance between (fusion) power and particle density sources and the respective heat and particle fluxes, mostly dictated by turbulent transport processes and mesoand macro-scale fluctuations. Meanwhile, plasma density and temperature profiles determine the fusion reactivity. Thus, since fusion power density dominates the plasma power balance in reactor relevant conditions, fusion reactivity influences plasma temperature and density profiles and vice-versa. For this reason, burning plasmas of reactor interest are complex self-organized systems.
The nonlinear dynamics of burning plasmas is a very rich subject that has implications and applications to other fields of plasma physics. One of the most significant differences of thermonuclear plasmas with respect to fluids is the crucial role played by resonant wave-particle interactions in determining the nonlinear evolution of fluctuations and the wave induced transport they may cause.
Most successful magnetic confinement devices for reaching reactor relevant conditions in burning plasmas have toroidal topology: the International Thermonuclear Experimental Reactor (ITER) is based on the toroidal magnetic confinement configuration dubbed "tokamak". Toroidal geometry plays a very important role in determining the linear and nonlinear dynamic behaviors of burning plasmas.
Two aspects, that are peculiar to burning plasmas and require a conceptual step in the analysis of magnetically confined plasmas, are investigated in this work. The first one is related to the fact that, in order to achieve reactor relevant conditions, it is necessary that fast ions (MeV energies) and charged fusion products (hereafter generically referred to as energetic ions) are sufficiently well confined that they transfer their energy and/or momentum to the thermal plasma without appreciable degradation due to collective modes. The identification of burning plasma stability boundaries with respect to energetic ion collective mode excitations and their nonlinear dynamic behaviors above the stability thresholds obviously impact the operation-space boundaries, since energy and momentum fluxes due to collective losses may lead to significant wall loading and damaging of plasma facing materials. Such analyses can be performed, at least in part, in present day devices and provide nice examples of mutual positive feedbacks between theory, simulation and experiment. In a burning plasma, however, energetic ion power density profiles and characteristic wavelengths of the collective modes will be unique and not reproducible in existing experiments: the important implications of the predictive capabilities based on numerical simulations and modeling will be emphasized here along with the necessity of using existing and future experimental evidences for modeling verification and validation.
The second aspect is related with plasma turbulence and turbulent transport in a burning plasma. The presence of MeV ion energy tails does not only introduce a dominant electron heating contribution on the local power balance and a different weighting of the electron driven micro-turbulence with respect to present experiments. It also generates long time-scale nonlinear behaviors typical of self-organized complex systems, which are due to mutual interactions between collective modes and energetic ion dynamics on the one side and drift wave turbulence and turbulent transport on the other side. It is important that these interactions do not deteri-orate the thermonuclear efficiency of the considered system on long time scales. These issues will be analyzed starting from their first principle theoretical grounds and introducing the possibility of investigating them via low-dimensional nonlinear dynamic models that can be formulated via formal theoretical approaches.
Energetic Particle Physics
Shear Alfvén wave (SAW) excitations by energetic ions have been investigated as the primary candidate for causing fluctuation induced transport of fast ions and charged fusion products in burning tokamak plasmas. Toroidal geometry and shaping of the plasma cross section influence the structure of the SAW continuous spectrum, which is characterized by frequency gaps in non-uniform magnetically confined toroidal plasmas.
1 The resonant excitations of SAW modes in toroidal plasmas by fast ions can be formulated within a unique theoretical framework, 2,3 demonstrating the existence, in general, of two types of modes; i.e., a discrete shear Alfvén gap mode, or Alfvén Eigenmode (AE), localized within the frequency gaps of the SAW continuum, and an Energetic Particle continuum Mode (EPM).
3 As a general result, the physical processes dominating resonant and non-resonant wave-particle interactions with fast ions have been identified and discussed in various wavelength regimes. It has been shown that both types of interactions depend crucially on the magnetic drift curvature coupling in conditions optimal for resonant mode excitation, which also correspond to maximized fast ion redistributions by collective oscillations. While the most important free energy source for AE/EPM excitation is on meso-scales, i.e. at perpendicular wavelengths that are larger than the characteristic fast ion orbit width, λ ⊥ ρ EP , dissipation mechanisms are typically at micro-scales in the radial direction that are comparable with the thermal ion Larmor radius, λ ⊥ ∼ ρ i . For investigating all these physics effects, it is crucial to use gyrokinetic codes, which solve the collisionless Boltzmann equation assuming that the characteristic wave frequency is much smaller than the ion cyclotron frequency, while maintaining the possibility of fluctuation structures on scale lengths that are comparable with the characteristic particle orbit widths.
of SAW with thermal plasma particles. Investigating these aspects will be one important step for understanding burning plasmas. In fact, although the key linear physics mechanisms have been identified and delineated, there still does not exist, to this date, a global, fully self-consistent, nonlinear kinetic code which can simultaneously resolve micro and meso scales to reliably map out the linear stability boundaries and to accurately predict the nonlinear saturation amplitude for realistic ITER plasma parameters and equilibria. Another important aspect that will characterize reactor relevant burning plasmas with respect to those of present day experiments is the simultaneous existence of a large number of SAW modes, ∼ a/ρ EP 1, with a the characteristic size (minor radius) of the toroidal plasma cross section. This issues is discussed in the next Section.
Energetic Particle Turbulence and Multi-Mode Interactions
The most significant differences of energetic particle with respect to fluid turbulence are the crucial roles played by resonant wave-particle interactions in determining the nonlinear evolution of Alfvénic fluctuations and the wave induced fast ion transport they may cause. Nonlinear wave-particle dynamics is influenced by the relative orderings of different relevant time scales: the resonance decorrelation time, the nonlinear bounce time associated with wave-particle trapping, and the characteristic source/collision time (particle invariant breaking). Very close to marginal stability for AE with unique (equilibrium-dependent, slowly varying) frequencies and locations the generation of phase space structures and their nonlinear dynamics dictate the mode saturation and fast ion transport. 7, 8 Since EPMs have frequencies which are set by the characteristic energetic particle dynamic frequencies and spatial localization dictated by the strength of the energetic particle resonant drive, fast particle dynamics is secular in the radial direction, as originally proposed in Ref. 9 . In this case, there is no time for the particles to experience trapping in the potential well of the wave; thus, it is not possible to postulate proximity to marginal stability and to describe the nonlinear evolutions of modes with slowly varying frequencies due to structures in phase space near particle resonances.
7,8 The wave-particle nonlinear dynamics can modify the mode structure on the same space-time scale of the energetic particle transport. This process can be described as an avalanche, 1, 5, 10 since the localized spatial structure of the fluctuation is convectively amplified as it is displaced to follow the steepening unstable front associated with the energetic particle resonant drive. This situation is depicted in Fig. 1 , for an EPM with fixed toroidal mode number n = 4; thus, in the tokamak plasma equilibrium which is invariant under rotations about the torus symmetry axis, the fluctuation structure is ∝ exp(inφ), with φ the toroidal angle. Figure 1 depicts numerical simulation results for the time evolution of the radial EPM structure that is decomposed in Fourier harmonics of the poloidal angle, which is the periodic angular coordinate in a plasma cross section at constant φ, increasing by 2π when encircling the magnetic axis. The EPM avalanche is evident as an unstable moving front which is convec- tively amplified as it moves in the radial (magnetic flux) direction, identified by r/a that is r/a = 0 on the magnetic axis and r/a = 1 at the boundary of the plasma cross section. The steepening of the unstable front associated with the energetic particle resonant drive is shown in Fig. 2 , which demonstrates that, after mode saturation is reached, radial modulations in the fast particle pressure profile are eventually produced. Figure 2 shows, together with the time evolution of the contour plots of EPM scalar potential fluctuations in a constant-φ plasma cross section, the modification of the energetic particle resonant drive as measured by the dimensionless fast particle pressure gradient α EP ∝ R(8π/B
2 )(dP EP /dr), with P EP the energetic particle pressure and B 2 /8π the equilibrium magnetic field energy density. More details on these numerical simulations are available in Ref. 11 . This physics can be described by the modulation interaction model, introduced by Chen et al.
12
for analyzing modulational instabilities of drift wave modes turbulence in toroidal geometry, extending it to the modulations on the fast particle distribution function due to nonlinear mode dynamics, as proposed in Ref. 11. Using this model, 11, 12 it is possible to systematically generate a number of nonlinear partial differential equations, including nonlinear Schrödinger and Ginzburg-Landau equations, that are relevant for other fields of plasma physics research and beyond. 1, 10, 13 It is also possible to naturally derive the fractional derivative Ginzburg-Landau equation, which incorporates the key features of non-Gaussianity and long-range dependence in thresholded nonlinear dynamical systems 14 such as burning plasmas.
1
Generally speaking, the nonlinear dynamics of phase space structures and their resonant as well as non-resonant interactions with fast ions can be drastically different depending on the properties of the underlying fluctuations and their spectra. In the case of multi-mode wave-particle interactions, the nonlinear resonant par- Fig. 2 . Evolution of EPM radial structure and its consequences on the energetic particle resonant drive strength. The two left-most frames refer to the scalar potential fluctuation contour plot and the strength of the energetic particle resonant drive in the linearly unstable phase at t = 36 in units of τ A = R/v A . The two right-most frames are taken at t = 144 and show the radial modulation of the fast ion pressure profile.
ticle characteristics can locally exceed the Chirikov resonance overlap criterion, 15 eventually causing stochastic diffusion in particle phase space, possibly because of a domino effect, 7 producing fast ion avalanches. 16 In this context, the single transport events due to AEs (avalanches) 16 may exhibit characteristic aspects of sandpile physics involving Self Organized Criticality (SOC).
17,18
A possible saturation mechanism for weakly unstable AEs in the multi-mode case is via nonlinear frequency shifts due to mode-mode couplings. The dominant mode structures produced nonlinearly are (n = 0, m = 0) toroidally and poloidally symmetric fields, 19 which are dubbed zonal flows/fields, 20 and (n = 0, m = ±1) magnetic field 21 and density fluctuations. 22 These radially localized nonlinear structures generate local neighbouring nonlinear equilibria, 23 which can influence the long time-scale behaviors of burning plasmas and, hence, impact the reactor fusion performance as described in the next Section. Furthermore, in the presence of multiple AE, nonlinear interactions can induce a downward frequency cascading via nonlinear wave-particle resonances, e.g. nonlinear ion Landau damping or Compton scattering off the thermal ions. 24 For the more strongly driven EPM fluctuations, radial modulations of the fast ion source still dominate the nonlinear dynamics and, thus, the effect of multi-mode interactions is mediated by the generation of neighboring nonlinear equilibria 1,5 of the type depicted in Fig. 2 .
Coupling of Energetic Particle and Microturbulence
Fluctuation induced transport processes due to turbulence in magnetically confined plasmas are believed to play a major role in determining the overall performance of a fusion reactor. In the past decade, significant progress has been made in understanding the fundamental dynamics that are responsible for turbulent transport. 20 It has been recognized that drift wave turbulence is the channel through which turbulent transport occurs; at the same time, however, in the description of turbulent transport processes, it is crucially important to account for the radial structures that are spontaneously generated by turbulence itself and regulate turbulence intensity and turbulent transport. 20 Among those structures, zonal flows (ZF) 25 play a major role in the nonlinear dynamics of drift waves. These are toroidally and poloidally symmetric flow patters, due to the low frequency radial electric field nonlinearly generated by drift waves, 25 which regulate turbulence intensity and turbulent transport, as demonstrated in numerical simulations. 26 Zonal flows are ubiquitous in plasmas and fluids, e.g. in atmospheric pressure systems where Coriolis forces drive Rossby wave turbulence, 27 which is known to obey the same nonlinear partial differential equations as drift wave turbulence. 25 As a consequence, it is often said that zonal flows in burning plasmas are the counterpart of the Jupiter's stripes, which are signatures of zonal flows driven by Rossby wave turbulence.
28 Similar to ZF, other toridally symmetric flow patterns with more complicated poloidal structures and finite frequency, the geodesic acoustic modes (GAM), 29 are known to play a role in regulating plasma turbulence. 20, 30 Furthermore, magnetic field patterns can be generated as well, generically dubbed as zonal fields. 20, 31, 32 Generally, these nonlinearly generated patterns interact with the similar structures and radial modulations of fast ion radial profiles, generated by energetic particle turbulence and described in Section 3. For this reason, it has been proposed to view these generic zonal structures as generators of nonlinear equilibria, 23 which determine the long time scale nonlinear evolution of burning plasma, influencing the reactor fusion performance. For example, since nuclear heating by fusion reactions is dominated by fast ions slowing down on thermal plasma electrons, the radial modulations in the energetic particle pressure shown in Fig. 2 will produce similar modulations on the electron temperature profile and eventually alter the free energy source driving drift wave turbulence and turbulent transport, in turn affecting plasma profiles and fusion reactivity. Thus, it is of great importance to understand the space-time cross scale coupling of micro-turbulence and energetic particle driven nonlinear dynamics.
Discussions and Conclusions
The scope of this brief introductory review on the physics of burning plasmas in toroidal magnetic field devices is to present burning plasma physics as an exciting and challenging field with many fundamental problems characterized by broader applications and implications. For more extensive and advanced reviews, the reader is encouraged to refer to Refs. 1, 5. One of the major issues, which was not mentioned in this work, is toroidal angular momentum transport that, besides having great relevance to burning plasmas, also plays a crucial role in other fields like space plasma physics and astrophysics, e.g. in the theory of accretion discs.
33,34
Burning plasmas are complex self-organized systems, whose investigation requires a conceptual step in the analysis of magnetically confined plasmas. Integrated numerical simulations are crucial to investigate these new physics; however, fundamental theories also play a fundamental role of providing the conceptual framework and the insights that are needed to extrapolate with confidence numerical modeling to burning plasma operations in future experimental devices. Verification against experimental observations in present day machines, meanwhile, is a necessary step for the validation of physical models and numerical codes.
The general problems posed by investigations of burning plasma physics often have broader applications than just fusion science. Here, we have given examples of how fusion plasmas can be considered as generators of a wide class of nonlinear dynamics problems, which may be readily extended to neighboring fields.
